Abstract. Physical modeling of oblique subduction is performed to study the mechanism of strain partitioning. The model is two-layer and includes the elasto-plastic lithosphere (the overriding and subducting plates) and the low-viscosity liquid asthenosphere. The subduction is driven by a push force from a piston and a pull force when the density contrast Ap between the subducting plate and the asthenosphere is positive. We vary both Ap and the interplate friction (frictional stresses). Slip partitioning is obtained only in the models with high interplate friction and only when the overriding plate contains a weak zone. This zone in the models corresponds either to locally thinned litho- 
). Smaller-scale, sometimes diffuse, strike-slip faulting has also been observed in accretionary wedges of the southern Kermadec [Collot and Davy, 1998 ], Hikurangi [Barnes and Mercier de Lepinay, 1997] , and southern Ryukyu arcs .
Another type of observation, used to reveal and quantify strain partitioning, is the deflection angle ¾ of the interplate seismic slip vector Vs from the convergence vector Vc [McCaffrey, 1992; Yu et al., 1993] . A degree of partitioning ps is defined in this case as ps = 1 -({ -¾)/{; ps = 0 corresponds to zero partitioning, and ps = 1 corresponds to complete partitioning. Logically, kinematic pk and seismic ps criteria should be directly related and propomonal. However, this is not always the case, and the use of the slip vector criterion leads sometimes to controversial conclusions. For example, in Tonga, ps > 1 [Yu et al., 1993] , which is inconsistent with the traditional assumption that convergence vector splits into two components; one oriented between this vector and trench normal and the other parallel to the trench. In other subduction zones (Kamchatka, Ryukyu, or northern Japan), ps < 0, which could be interpreted as transcurrent motion of the forearc sliver in a direction opposite to that predicted by strain partitioning model . Value of ps can also lead one to assume a very high partitioning in subduction zones where no strike-slip faults have been revealed at all (the Marianas, for example).
Certainly, there are other factors controlling the ps value besides the transcurrent displacement of the forearc sliver. One of them follows from the fact that in the traditional approach the plates in subduction zones are considered to be rigid, while in reality, they undergo intense internal strain. Subducting lithosphere bends under the overriding plate; this bending accelerates relative sliding of the plates along the interplate surface in the direction perpendicular to the trench. The overriding plate also undergoes deformation not of the strike-slip type. This plate can exhibit shortening or extending in the back arc to forearc area to a degree which is often underestimated. Recent Global Positioning System (GPS) measurements show, for example, that the northern part of the Lau Basin is opening at a rate of about 16 crn/yr [Bevis et al.. 1995] . The corresponding subduction rate therefore •,eache.: 2•: crn/yr instead of the 8 crn/yr predicted by NUVEL-1 model [DeMets et al., 1990] . The opening rate of the southern Okinawa Trough was also neglected in earlier kinematic models [Seno et al., 1993] , which resulted in underestimation of the subduction rate in the southern Ryukyu by 3-4 crn/yr [Imanishi et al., 1996; Lallemand et al., 1999] . Not only does the magnitude of the convergence vector have to be corrected, but its orientation has to be corrected as well.
Considering the above remarks, it may be assumed that there is only one reliable criterion to define strain partitioning in a subduction zone: the along-trench displacement of the forearc sliver. Such a displacement can be accommodated along active, transcurrent lithospheric-scale faults within the overriding plate and/or along the back arc spreading center.
From the mechanical point of view, the partitioning represents a three-dimensional (3-D) problem. In the present paper we address this problem based on the results from 3-D experimental modeling of oblique subduction. Both mathematical [Platt, 1993; Braun and Beaumont, 1995] 
Experimental Set-up and Similarity Criteria
The scheme of the experiments is presented in Figure 2 . Both the overriding and subducting plates are one layer and are made of compositional systems consisting of alloys of solid hydrocarbons, mineral oils, finely grounded powders, and small quantities of surface-active substances. The rheologic properties of these materials are strongly temperature-dependent. The experiments are conducted at a temperature of around 40øC at which the materials possess elasto-plastic properties with about 50% strain weakening. The values of the rheologic parameters a, th•s ternperature are given in Table 1. •[he composition, physicochemical, and rheologic properties of these materials are described in detail by Shernenda [ 1992, 1994] .
In all experiments the overriding plate is thinned from below to simulate a weak zone associated with the volcanic arc. Such a thinning to about 30 km has been clearly revealed in some real arcs [Zhao et al., 1994] and follows t¾om thermal [Furukawa, 1993] and petrological [Schmidt and Poli, 1998 ] models of subduction zones. A thinning and weakening of the plate in the arc area can be caused by a number of factors such as induced convection in the mantle and magmatic activity (presence of magma chambers, and channels).
The lithosphere is underlain by a low-viscosity asthenosphere, which is pure water in the model. The viscous interaction between the lithosphere and the asthenosphere is thus neglected. A justification for such a simplification is that the tangential stress at the lithospheric base is -2 orders of magnitude lower than the lithosphere effective strength due to low viscosity of the asthenosphere [Turcotte and Schubert, 1982] . Therefore strain partitioning (deformation of the overriding plate) is mainly defined by the stress conditions along the interplate surface. The mantle/lithosphere viscous interaction becomes more important with depth. The subduction can be either facilitated or resisted by this interaction, which corresponds to increase or decrease, respectively, in the effective pull force that controls the interaction between the plates in subduction zone. The pull force Fpl is varied in the experiments and along with the push force produced by a piston drives subduction. The pull force Fpl is proportional to the density contrast between the subducting lithosphere pl and the asthenosphere pa. The pa value is the same in all experiments, while Pt is either equal to or slightly higher than pa. The density of the overriding plate is always equal to that of the asthenosphere. The yield limit Os of both plates is the same. Two values of the interplate friction have been tested: one was reduced almost to zero using lubricators, another was high. To increase the friction we have used a special adhesive material which was spread on the surface of the subducting plate and on the internal (contact) surface of the overriding wedge. The interplate friction was thus equal to the adhesion or shear yield limit of this material which is -2 Pa. The initial subduction angle 15 = 35 ø (Figure la) changes during subduction and is -18 ø at shallow depth and -40 ø near the overriding plate base which approximates the average dip of Benioff zones from 0 to 100-km depth [Jarrard, 1986b] .
The similarity criteria which are met in this modeling are as follows [Shemenda, 1994] respectively; 'lJn is the interplate friction stress; { is the subduction obliquity angle; H is the average thickness of the lithosphere; g is the acceleration of gravity; Vc is the rate of plate convergence; and t is time. The parameter values adopted for the prototype and the model which satisfy the conditions (1) are presented in Table  1 . For more details regarding the properties of the model materials, experimental procedure, and scaling, see $hernenda [1992, 1994] , who describes similar experiments on orthogonal subduction.
riding plate is vertically cut along the axis of the "arc." The lithosphere thickness in the arc is increased to 15 mm (compared to 5 mm in the previous experiments) to avoid the formation of the arc thrust. The friction along the cut is very low. Almost complete (-0.9) partitioning is observed in this experiment from the very beginning: the forearc block moves along the trench with the rate almost equal to Vc sin {. At the initial stages of subduction the overriding plate is under compression which reduces during experiment to near zero.
Results of the Experiments
A total of 40 experiments have been conducted under different conditions. In this paper we describe seven representative experiments (see Tables 1 and 2 ) and summarize the results from the others.
Experiment 1
The interplate friction in this experiment is high. The density of the subducting plate is larger than that of the asthenosphere. The overriding plate has a notch (see Figure 2a and Table 2 (Figures 3g and 3h ). The failure is followed by slip partitioning. The plate convergence is now accommodated by less oblique subduction in the main subduction zone, and by thrusting and dextral strike-slip motion along the arc. At the stage in Figure 3h , the total amount of convergence is 5.4 cm, the underthrusting in the arc fault reaches 1.5 cm, and the shear displacement along this fault is 2.7 cm. The underthrusting within the arc then stops, while along-arc displacement of the forearc block continues. A degree of partitioning pk (see definition in Table 2 ) of-0.65 remains constant from the nucleation of the arc fault to the end of the experiment. At the last stages of the experiment the horizontal normal stress within the overriding plate is close to zero. As the subducting plate is denser than the asthenosphere, the subducted slab finally breaks off (Figure 3d ).
Experiment 2
The difference of this experiment (Figure 4 ) from experiment 1 is that now the interplate friction is very low. At the last stages the overriding plate is under trench-normal tension which is, however insufficient to fail the plate. There is no partitioning.
Experiment 3
In this experiment ( Figure 5 ) the interplate friction is high, and the subducting plate is denser than the asthenosphere. The over-
Experiment 4
The densities of the subducting plate and the asthenosphere are equal. The rest of the parameters are the same as in experiment 3. The result (kinematics) is the same, but the overriding plate is under constant compression during experiment which is -2 times greater than during the initial stages of experiment 3.
Experiment 5
The conditions of this experiment (Figure 6 ) are the same as of experiment 3; the only difference is that the vertical cut is made in the forearc at a distance of 1 cm (corresponding to -30 km in nature) from the trench. At the beginning of the experiment the degree of slip partitioning is near 0.75. The shifting, very narrow forearc sliver intrudes the weak material which surrounds the lithosphere (see Figure 2b ) and causes some resistance to the sliver motion. At the same time, the interplate friction force decreases during the partitioning because the length of the sliver, which is in contact with the subducting plate, becomes smaller. These two factors cause the degree of partitioning to reduce to -0.5 during later stages of the experiment. Tables 1 and 2 ).
Experiment 6
The interplate friction is low, the densities of the subducting plate and the asthenosphere are the same, the overriding plate is continuous and is thinned in the arc to 5 mm. During subduction, the overriding plate fails in the arc area along a fault dipping trenchward (backthrust), but there is no partitioning at all ( Figure   7 ).
Experiment 7
The conditions are the same as in experiment 6, but the overriding plate fails in a more complex way: there are two faults dipping in opposite direction at different segments of the arc ( Figure  8) . No partitioning has been observed.
Analysis of the Experimental Results
The first direct conclusion following from the presented experiments is that partitioning occurs only if the interplate friction stress Xn is high (experiments 1, 3, 4, and 5). This result has a simple mechanical explanation. The only force enabling the forearc sliver to move parallel to the trench in our experiments is the friction force which is defined as F = Sxn (S is the square of the interplate surface). Below we will consider this force per unit length of the plate boundary defined Ff = F/l, where I is the length of the plate boundary ( Table 2 :.
The horizontal compressive force Fh exerted on the overriding plate per unit length perpendicular to the trench is ß Fh = Ff h,
which is true only when the friction force is the only force acting in the subduction zone and totally controls the interaction between the plates. In fact, along with the tangential (frictional) stress Xn, this interaction is defined also by the normal stress Pn, 
Southern Kurile Arc
This zone is characterized by high positive free-air gravity anomaly Ag which reaches a maximum of more than +250 mGal in the frontal arc along the Lesser Kurile Islands and their underwater continuation, the Vityaz Ridge (Figure 11) . The Kurile volcanic arc with much higher topography is marked by Ag less than +200 mGal [Sandwell and Smith, 1997] . Hence the subduction regime in this zone is compressional (see Figure 10a) . According to the NUVEL-1 model [DeMets et al., 1990] , the subduction obliquity in the southern Kurile zone is not very high, 27 ø ( Figure  11 ). Despite that, slip partitioning exists in this region and has been nicely documented by Kimura [ 1981 Kimura [ , 1986 . The -800-kmlong and 200-km-wide forearc sliver is moving to southwest at. the rate of 6 to 11 mm/yr [DeMets, 1992] which yields pk = 0.22 _+ 0.07 (pk changes with time, and this estimate is very approximate). The northeastern sliver boundary corresponds to the Bussol Strait which is described as a graben. The southwestern termination of the sliver corresponds to the wide zone of southwest vergent thrusting within Hokkaido Island (Figure 11 ). The northwestern border of the sliver corresponds to a transcurrent fault which passes along the volcanic arc [Kimura, 1986] . interplate friction and hence by the absence of the lithosphericscale partitioning. A good example of such a subduction zone could be the southern Ryukyu arc, which we consider below.
Relative to the southern Kurile arc, this zone has comparable length l, average subduction obliquity q•, and similar geometrical setting, suggesting similar "resistive" conditions at the transverse boundaries of the possible forearc sliver.
Southern Ryukyu
The positive anomaly Ag in the Ryukyu arc is very low, less than +80 mGal and in the forearc area has a high negative value less than -200 mGal [Sandwell and Smith, 1997] . The model predicts thus that overriding plate is under high tensional stress [Shemenda, 1994] there is no lithospheric-scale partitioning in the southern Ryukyu arc, which is consistent with our prediction: the interplate friction in the Ryukyu zone is much lower than in the Kurile zone (is near 10 MPa), which enables back arc rifting but "inhibits" strain partitioning.
Conclusions
The interaction between the plates in subduction zone is defined by normal (pressure) Pn and tangential (frictional) stresses along the interplate surface. Shemenda [1985] 
